The bdellovibrios are a group of loosely related (7) gramnegative bacteria that prey upon other gram-negative bacteria. The bdellovibrios' obligate and developmentally regulated biphasic life cycle is manifested as an alternation between attack-phase and growth-phase forms. These apparently obligate predators, however, mutate to facultative forms capable of being both predators and saprophytes able to grow in dilute, complex culture media (6) . Prey-independent forms which have lost the ability to be predators also occur (19, 21) . Evidence exists that facultative bdellovibrios growing in an artificial medium are not physiologically equivalent to growth-phase prey-dependent bdellovibrios in bdelloplasts (18) , and facultative strains may not be appropriate models for studying typical growth-phase bdellovibrio physiology.
Since their discovery, efforts have been made to entice prey-dependent bdellovibrios to grow axenically. Supplementation of artificial media with microbial extracts permits some growth of prey-dependent bdellovibrios (5, 8, 10, 14, 17) . The general view is that the growth-promoting factors are relatively heat stable and consist in part of soluble proteins occurring over a wide range of molecular masses (8, 10, 17) . Paradoxically, extracts from gram-positive bacteria also provide the missing factors even though they are not prey for bdellovibrios (17) , and extracts prepared from bdellovibrios are ineffective (10) . Gray and Ruby (10) mM MgCl2 and 2 mM CaCl2 after autoclaving) showed improvement in the growth of facultative strain Bdellovibrio bacteriovorus 109D-F4 (20) over the more traditional PY used for prey-independent mutants (21) . Figure 1A shows that the growth rate in PPYE was twice that in PY, and the yield was 25% greater, on the basis of optical density. The apparently enhanced ability of PPYE to meet the nutritional needs of facultative bdellovibrios prompted us to examine its effect on prey-dependent bdellovibrios. Inoculation of the prey-dependent B. bacteriovorus 109D-4Sm into PY and PPYE media resulted in a slowly increasing optical density only in PPYE (Fig. 1B) . Incubations for longer than 100 h revealed a dramatic increase in the growth of bdellovibrios. This growth was suspected to represent that of spontaneous facultative or prey-independent bdellovibrios. Figure 1C reveals that bdellovibrios subcultured from this late growth grew in PY and PPYE media similarly to the facultative B. bacteriovorus 109D-F4 (Fig. 1A) . Inoculation of Eschenchia coli prey with the late-growing bdellovibrios resulted in predation (data not shown). These observations support our interpretation that late growth in PPYE can be attributed to facultative bdellovibrios. A comparison of panels A and C of Fig. 1 shows that the enhanced growth in PPYE over that in PY is more evident for freshly isolated facultative bdellovibrios than for strains carried in the laboratory. Facultative mutants will eventually arise in PY, but only after 10 days to 2 weeks. Whether the selection of facultative bdellovibrios in either medium reflects spontaneous or adaptive mutation (2, 13) has not been addressed.
Heat shock-induced growth of prey-dependent bdellovibrios. As shown in Fig. 1B , the increase in the mass of prey-dependent bdellovibrios in culture prior to 100 h occurred only with PPYE. We postulated that PPYE may supply all the nutritional needs of prey-dependent bdellovibrios and that axenic growth in PPYE was restricted only through the absence of prey-derived signals. An are required for growth under normal and stress conditions (12, 16) .
Experiments to assess the effect of heat shock on the ability of prey-dependent bdellovibrios to grow in PPYE were restricted to less than 30 h to diminish the possibility that changes in the culture's optical density were due to growth of spontaneously arising prey-independent bdellovibrios. The experimental approach was to grow a Strr strain of bdellovibrio (B. bacteriovorus 109D-4Sm) on Strs prey. The stationary-phase E. coli CS1919 (20) prey cells were resuspended in 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer at pH 7.4 containing 3 mM MgCl2 and 2 mM CaCl2 (HEPES-MC) prior to attack by bdellovibrios (20) . HEPES-MC suspensions of attack-phase prey-dependent bdellovibrios from lysed bdelloplasts were heat shocked in water baths and subsequently diluted 10-fold into PPYE or PY with divalent cations and 100 ,ug of streptomycin per ml. The A56 was measured in a microtiter plate reader with 200-jtl samples.
Experiments with attack-phase bdellovibrios that had been heat shocked for different times and at different temperatures revealed that exposure to 42°C for 60 min, 45°C for 30 min, or 48°C for 5 min promoted a three-to fourfold subsequent increase in culture optical density (Fig. 2 ). This effect was observed when heat-shocked cells were suspended in PPYE but not PY medium ( Fig. 2A , and data not shown). Bdellovibrios will not grow on prey above 35°C in our laboratory, so the heat shocks used in this study were all at temperatures sufficient to cause either growth stasis or death if prolonged. Growth induced by heat shock was preceded by a lag phase of approximately 6 h in these experiments but by as little as 2 h in other experiments. The duration of the lag phase is influenced by a number of variables which have not been explored thoroughly, but the shortest lag phases occur in freshly prepared PPYE. Higher cell densities were achieved in PPYE medium that had been filter sterilized. The growth yield appeared to be directly related to the duration of heating at 45°C, and heat shock at 45°C for 30 min was adopted as the standard throughout the remainder of this study. Plaque assays (21) showed that the standard heat shock treatment caused a 40% apparent reduction in viability. Unheated control cultures in PPYE declined 78% in viability after 18 h. It is unknown whether the reduction in plaque counts caused by heat shock actually reflects killing or whether the differentiating bdellovibrios inefficiently reenter attack phase when placed in a plating medium not suitable for axenic growth. The failure of heat-shocked prey-dependent bdellovibrios to grow in a medium suitable for facultative strains illustrates that PY medium lacks nutritional components present in PPYE and that prey-dependent bdellovibrios growing in PPYE (or in bdelloplasts) are not equivalent to axenically growing facultative strains, as suggested previously (18) . If true, it may be unrealistic to expect heat-shocked prey-dependent bdellovibrios in PPYE to achieve the same culture density as facultative strains.
Photomicroscopy of heat-shocked bdello'vibrios. Photomicroscopy of heat-shocked and control bdellovibrios was performed. The bottom row of photomicrographs in Fig. 3 reveals that the heat-shocked bdellovibrios increased in length 10-to 15-fold prior to a synchronous division into multiple cells. This pattern is typical of the growth of prey-independent bdellovibrios and bdellovibrios growing intraperiplasmically (1, 6) . The bdellovibrios that were not heat shocked exhibited some cell elongation over the 11 h of the control experiment (Fig. 3, top row ). An occasional cell which appeared to be growing could be seen (Fig. 3, 11 -h control sample), and some evidence for septation of these bdellovibrios was observed. Finding such cells requires considerable searching of microscopic fields; thus, the 11-h control field is not representative. It is possible that a small fraction of the prey-dependent bdellovibrio population is capable of responding to PPYE because they have already received or generated signals permitting growth. Alternatively, it is possible that such cells represent an outgrowth of spontaneous prey-independent mutants.
Bdellovibrios from the experiment shown in Fig. 3 were fixed in 1% formalin and counted in a Petroff-Hausser chamber independently by two laboratory personnel, and the quantitative results were compared. The cell number is given in the beginning and end panels of prey-dependent B. bactenovorus 109D-4Sm in PPYE. DNA was determined by the diphenylamine assay by the modification of Giles and Myers (9) . Samples were processed as described by Meynell and Meynell (15) of heat shock-induced growth of prey-dependent bdellovibrios. Figure 4A shows the net increase in DNA to be fivefold for heat-shocked bdellovibrios, while the control culture exhibited no detectable increase in its DNA content. Figure 4B shows a threefold increase in the growth of the cultures used for the DNA measurements. Bdellovibrios have been described as exhibiting unbalanced growth, with the rate of DNA biosynthesis exceeding that of protein biosynthesis during the growth phase (11) .
Growth induced by multiple heat shocks. The heat shockinduced growth of prey-dependent bdellovibrios terminated prior to the cell density achieved by freshly isolated facultative bdellovibrios (Fig. 1C) . Experiments were performed to determine whether subsequent heat shocks would induce continued growth. The curve in Fig. 5 (U culture to increase 50% in optical density (A) after a second lag. Delaying the subsequent heat shock denoted by time c until 7 h after the end of the first round of growth also induced a second round of growth (dashed line). A third heat shock at time d evoked at best only a weak third round of growth (A). The control culture that was not heat shocked (0) exhibited only a slight increase in optical density. A later heat shock of the control culture at time e also failed to induce a second round of growth (dashed line), even though apparent viability at time e was 60% of the zero time level. The slight increase in cell mass resulting from protracted incubation in PPYE without heat shock may reflect a terminal developmental pathway from which the bdellovibrios cannot return after a delayed heat shock.
Conclusions. Our results show that prey-dependent bdellovibrios can be grown in an artificial medium without prey-derived nutrients or signals. Heat shock may serve as an artificial signal altering the transcription of several genes, of which only a few, perhaps one, are necessary for axenic growth of prey-dependent bdellovibrios. The recent development of a genetic system for Bdellovibnio species (3, 4) provides an avenue for testing these alternatives and determining the molecular basis of prey dependency. Perhaps a similar strategy of simultaneously addressing both the nutritional and host-derived signalling needs of other refractory This work was supported by Public Health Service grant GM 34838 from the National Institutes of Health.
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